Rationale and Objectives: To define systematic volumetric thresholds to identify and grade splenomegaly and retrospectively evaluate the performance of radiologists to assess splenomegaly in computed tomography (CT) image data.
T he enlargement of the spleen, or splenomegaly, is the most common condition associated with diseases of the spleen (1) . Splenomegaly is a nonspecific finding that is diagnostically challenging to assess because the manifestation is nearly always secondary to another primary disorder, and diseases associated with the spleen are numerous (1) (2) (3) (4) (5) (6) (7) (8) . Pozo et al grouped them into six categories: infection, hematological, congestive, inflammatory, neoplastic, and infiltrative miscellaneous diseases (7) . Hematological disorders were found to be the most common (up to 66%), with lymphoma being the most prevalent disease within the category.
The assessment of spleen size, defined by its volume, is of importance in the diagnosis of and determination of the severity of many of these diseases and in the selection and monitoring of therapies. Moreover, given the spleen's irregular shape, volume is the best summary indicator of spleen changes over time. It is common clinical practice for physicians to estimate splenic size and assess for an enlarged spleen using palpation (9) . In palpation, the spleen is considered normal in size when it is not palpable below the left costal edge (10) ; if the spleen is palpable, it is enlarged. But 16% of palpable spleens were found to be of normal size on radiological assessments (11) .
The advent of cross-sectional imaging, such as ultrasound and computed tomography (CT), enabled the noninvasive visualization of the spleen size and shape. Currently, the main method for diagnosing splenomegaly is through cross-sectional radiological assessment (7) . A popular method routinely used by clinicians to estimate splenic size is manually measuring the organ's cephalocaudal (CC) height from radiological images (1, 5, 7, (12) (13) (14) (15) (16) (17) (18) ; this measure is only twodimensional and does not factor in interpatient anatomical variability (1) . Even though Rosenberg et al (19) found that splenic height assessed spleen size with good accuracy, most radiological studies have emphasized the importance of volumetric spleen measurements in assessing spleen disorders and size (12, 14, 16, 20, 24) . Thus, some studies have adopted a method for measuring splenic volume by calculating the ''splenic index,'' which is the product of the length, depth, and width at certain anatomical locations (1, 14, 22, 25, 26) . As a surrogate of splenic size, the splenic index accounts better for anatomical variability than a single linear measurement.
Presently, most radiologists do not rely on volume measurements of the spleen for assessing splenomegaly because of the lack of robust and accessible methods that could be easily adapted to current image viewing software. Consequently, the current radiological assessments of the spleen consist of subjective assignments into qualitative size categories (eg, small, normal, mild, marked splenomegaly) and or measurement of linear assessment (single longest dimension) for quantification of spleen size (1, 26, 28) . The development of computer-based image processing techniques now allows for rapid and accurate assessment of spleen volumes on radiologic data (29) and their inclusion in the radiologist's interpretation and report. Although several articles have investigated spleen size nomograms using volume (20) (21) (22) (23) 36, 37, 43) , our study proposes and evaluates the systematic definition of a volumetric threshold to detect and grade splenomegaly.
This article assesses the accuracy and advantages of splenic volume over subjective qualitative and simpler quantitative methods in the assessment of splenomegaly. First, we use a fully automated computer-aided segmentation method (27) to measure the volume and CC height of spleens from 172 contrast-enhanced CT images of normal and splenomegaly populations. The method is evaluated against manual segmentation of splenic volumes (sum of discs method). Our technique is designed to help radiologists differentiate between normal and enlarged spleens through quantitative, robust, and repeatable measurements. Then we define volumetric thresholds for assessing splenomegaly and retrospectively evaluate the performance of radiologists to assess splenomegaly.
MATERIALS AND METHODS

Study Patients
This retrospective study follows the Health Insurance Portability and Accountability Act-compliance standard and was institutional review board-approved. The need for informed consent was waived by the institutional review board. Inclusion criteria were that CT scans had to be acquired using intravenous contrast enhancement at the portal venous phase without visible artifacts or focal masses in the spleen. Cases with motion or imaging artifacts were excluded from the study.
Between The 172 cases (127 splenomegaly patients and 45 controls) were reevaluated by two experienced radiologists (RMS and ECJ, with 17 and 20 years of postfellowship experience reading CT scans). Cases were presented in random order and the two radiologists were blinded to the clinical reports (the first evaluation of data). The reassessment of data was used to create consensus reports between three radiologists: two who reevaluated the cases and one from the clinical report.
Contrast-enhanced CT images were acquired during the portal venous phase of enhancement during a single breath using fixed delays (65-70 seconds depending on the scanner) or bolus tracking (31) after patients were administered 130 mL Isovue-300. Data were collected on LightSpeed Ultra and QX/I (GE Healthcare), Brilliance64 (Philips Healthcare), Definition (SIEMENS Healthcare), and Aquilion ONE (Toshiba Medical Systems) scanners with 100-240 mAs and 120 kVp. Image resolutions among the patient images ranged from 0.52 to 0.93 mm in the axial view with a slice thickness from 1 to 5 mm. Spleens were manually segmented from 20 random cases (10 normal and 10 splenomegaly) by two observers (postgraduate research fellows: JKS and JP) under the supervision of a board-certified radiologist and an image processing scientist; their volumes were recorded using the sum of discs method. A subsample of data was used to obtain volumetric segmentations of the spleen because of the timeconsuming process of manually segmenting volumetric CT data. The spleen CC heights were manually measured in all data by the two observers for additional evaluation.
Segmentation
The automated segmentation method measured the spleen volumes on all subjects and is outlined in detail elsewhere (27) . The method involves a combination of appearance, shape, and location statistics to segment the spleen. For the coarse estimation, mean models from an atlas of the spleen were aligned to the patient's contrast-enhanced CT images via rigid, affine, and nonrigid registration. The registration was based on normalized mutual information and B-splines. The estimation was improved by a geodesic active contour, a three-dimensional deformable front that adapts to the appearance and shape of the spleen. The contour followed by an adaptive convolution to take into account patient specific contrast-enhancement characteristics. The contrast enhancement was estimated from the geodesic active contour. Using the convolution, only homogenous tissue areas that satisfy the enhancement constraints are labeled as spleen. Last, shape and location information from the normalized probabilistic atlas are used to provide an accurate representation of each spleen's morphology.
Definition of Splenomegaly and Volumetric Thresholds
Spleen volumes from cases with splenomegaly are outliers from the average spleen size in the healthy population. Although the study of the distribution of normal and abnormal splenic volume has been studied in literature, to date there are no established volumetric thresholds for the assessment of splenomegaly. Nevertheless, standards have been defined for the detection, for example, of osteoporosis (40, 41) and hepatomegaly (30) . According to the World Health Organization, osteopenia is diagnosed if the T-score of bone mineral density is below 1 standard deviation (SD) from the average of healthy population; osteoporosis is defined as below 2.5 SD from the average (40, 41) . Similarly, the H-score for the detection of hepatomegaly was defined at a liver volume (normalized by body surface area [BSA]) above 1 SD from the average healthy population with massive hepatomegaly above 2.5 SD from the average (30) .
We define the volumetric thresholds for splenomegaly detection from the splenic volume. The average spleen volume and its SD are computed from our healthy population in the consensus reports. Only cases that were found normal by all radiologists were used in the computation of the volumetric thresholds. Following the approach used to determining osteoporosis and hepatomegaly, the threshold for mild splenomegaly is defined at 1 SD above the average. The massive splenomegaly threshold is defined at 2.5 SD above the average.
Performance of Radiologists Relative to the Splenomegaly Thresholds
The performance of radiologists to diagnose splenomegaly was retrospectively evaluated using the volumetric thresholds for splenomegaly to determine the ground truth for splenomegaly. For comparison with previous criteria to assess splenomegaly based on spleen height, the diagnostic performance using the spleen CC height with 11-and 12-cm cutoffs was compared to the reference standard from volumetric thresholds.
Statistical Analysis
Prospective power analysis was performed using a one-sample test with 0.05 significance level to determine the control sample size to detect a 10% effect size on the normal splenic volume. The power analysis was based on historical data reported in (22, 23) . Additionally, retrospective power analysis was performed using a two-sided test with 0.05 significance level and a binomial distribution to determine the power of our sample size (n = 132 cases after consensus) to detect a significant difference between normal and splenomegaly cases.
Manual and automated volumetric segmentations were compared by volume overlap (twice the volume of intersection between the manual and automatic volumes over the union of the two volumes) and volume error (absolute volume difference between the manual and automatic volumes relative to the manual volume). Intra-and interobserver variability and error analysis for measuring spleen height were performed following the Bland-Altman method (32). Bland-Altman plots allow the investigation of the existence of any systematic difference between the automatic and manual measurements and compute the estimated bias (mean difference). The Mann-Whitney U test assessed significance between interand intraobserver, and observer-computer-assisted diagnosis (CAD) agreements. Spearman nonparametric correlation coefficients and associated P values (95% confidence level) were calculated between spleen size and patients' BSA and age for comparisons with the same metrics reported in literature. Also, three-way analyses of variance with full interaction were performed for combinations of patients' BSA, age, and gender to determine the impact of these confounding factors on normal spleen volumes.
Fisher's exact test assessed the significance between the sensitivity of radiologists versus the spleen CC height criteria to detect splenomegaly with the volumetric thresholds as the reference standard. The Spearman correlation between the splenic volume and CC height was also analyzed. For the analysis of performance to assess splenomegaly, receiver operating characteristic (ROC) curves were calculated to find the sensitivity and specificity of the volumetric criterion and the area under the curve was recorded; the consensus reports were used as the reference standard for splenomegaly. Statistical analysis was performed using the STATA Data Analysis and Statistical Software (StataCorp LP).
RESULTS
Automatic Segmentation
The evaluation of the automated spleen segmentation tool (27) showed an average volume overlap of 95.2% and volume error of 3.3% between automatically and manually segmented spleens. The volume overlap was 95.1% and 95.3%, and volume error was 3.7% and 2.8% for the control and splenomegaly cases, respectively. There was no statistical significant difference (P > .2) for either volume overlap or error between automated and manual segmentations on normal or abnormal cases. The automatic volumetric assessment of the spleen is 100% reproducible because it does not require any interaction with the human operator.
The Bland-Altman height measurement agreement plots between two different observers and between each observer and the automatic measurement are shown in Figures 1a-c. Note that values are quantized because of 5-mm slice resolution used for the majority of cases. The interobserver variability was 0.02 AE 0.74 cm and the average bias between the CAD method and each observer was 0.08 AE 1.41 cm at 95% limits of agreement. Significant correlations (r = 0.99, P < .001) were found between each observer and the automatic measurement, comparable to interobserver measurements correlation (r = 0.99, P < .001). Outliers in Figure 1 corresponded to unusually shaped spleens (thin and tall), which increased the variability of CC height measurements.
Consensus Report
The consensus reports agreed on n = 132 cases: 44 normal and 88 splenomegaly cases. The radiologists disagreed on n = 40 (23.25%) of cases; n = 1 (2.22%) were normal and n = 39 (30.70%) were abnormal cases, according to the clinical reports. The volumes and CC heights for the automatically segmented normal and enlarged spleens are displayed in Table 1 . Significant differences were found between normal and enlarged spleen volumes (P < .001) and between normal and enlarged spleen heights (P < .001). Organ volumes normalized by BSA are also presented in Table 1 . Table 2 shows Spearman correlation coefficients (r) between spleen volumes and patient's BSA and age. Significant but moderate correlations were noted between spleen volumes and BSA in normal (r = 0.28, P = .02) and splenomegaly (r = 0.32, P = .002) cases, and between the spleen CC heights and BSA in normal (r = 0.35, P = .004) and splenomegaly (r = 0.27, P = .008) cases. No significant correlations were observed between the spleen volumes and age of patients. No significant effects on the normal splenic volumes were observed for three-way interactions among the BSA, age, and gender of patients (P > .2).
Relationships between Splenic Volume and Patient Size
Volumetric Thresholds for Splenomegaly
A minimum of 34 control cases are required to detect an effect size of 10% on the normal splenic volume with 95% power. Our control data sample consists of 44 cases, after consensus. The volumetric threshold of 314.47 mL was used to identify mild splenomegaly (AE18.86 mL, 95% CI). The volumetric threshold for massive splenomegaly was 430.84 mL. The statistical power of our dataset (n = 132) for the observed volumetric threshold for splenomegaly was 100%. From ROC analysis, the operating point of the volumetric thresholds was found with a sensitivity of 93.18% and specificity of 88.63%. The area under the ROC curve of the volumetric criterion for splenomegaly detection was 0.96, when the radiological consensus was used as reference standard. The area under the ROC curve of the criterion based on spleen volume normalized by BSA was also 0.96. The lack of significant difference between the two criteria (P = .9) and the reduced correlation between spleen volumes and BSA (r = 0.28) indicate that the BSA normalization does not improve the detection of splenomegaly.
Performance of Radiologists to Detect Splenomegaly
Using the volumetric thresholds for splenomegaly as the new reference standard, the performance of radiologists to detect splenomegaly was retrospectively analyzed using the clinical reports. Table 3 presents the sensitivity and specificity of radiologists to detect splenomegaly. The performance of diagnosis by spleen CC height is also shown using two different thresholds based on previous studies (Table 4) : CC11 and CC12 to detect splenomegaly at a CC height larger than 11 and 12 cm, respectively. Radiologist-detected splenomegaly with both higher sensitivity and specificity than CC11 and CC12 criteria. However, the performance in diagnosis was significant only between the radiologists and the CC12 criterion for mild (P = .05) and all (P = .03) splenomegaly cases. There were no significant differences between the performances of the CC11 and CC12 criteria (P > .07 for all).
Relationship between Splenic Volume and Height
There was a significant correlation between the volumes and CC heights of cases (n = 172, r = 0.85, P < .001), as shown in Figure 2 . To show the agreement between the quantitative scores and the radiology reports, an 11-cm cutoff at CC height (6,7) detected splenomegaly with 96.85% sensitivity at 84.44% specificity against the radiological reports. A similar 12-cm threshold at CC height (5) detected splenomegaly with 92.91% sensitivity at 95.55% specificity using the radiological reports as a reference standard. In comparison, using a volumetric threshold of 314.47 mL for splenomegaly showed a sensitivity of 91.33% and specificity of 86.66% against the radiological reports. Figure 3 shows examples of spleens with normal CC height and abnormal volumes, which affected the sensitivity of the CC height criteria to detect mild splenomegaly. For instance, in the example in Figure 3a , the CC height of the spleen was close to the average height of the normal spleens; however, the splenic volume was 2 SDs above the average normal volume.
DISCUSSION
We presented a volumetric method to assess splenomegaly. The method was presented in conjunction with an automated technique to segment the spleen from CT images. Please note that the software for spleen analysis in this study is not commercially available and was used as a research tool. The technique was accurate and able to successfully segment both normal and abnormal spleens (27) . Bland-Altman agreements showed that the automatic measurement errors are comparable to interobserver variability. Hammon et al (44) also reported 0.99 correlations between CAD and manual segmentations of the spleen in a study based on 15 lymphoma patients. In our application, segmentation errors were observed when enlarged spleens extended into the small intestines because both splenic and bowel tissue are of similar intensity in CT images. In addition, intensity variations in the form of partial volume effects induced errors at the superior and inferior ends of the spleen.
The average volumes of the normal spleens in our study (Table 1) were comparable to those found in other publications ( Table 4 ). As seen in Table 4 , the variability of the enlarged spleen volumes tended to be much larger between publications. Our study found high and significant correlations between the splenic volume and CC height of our populations; Lamb et al (28) also observed this relationship (r = 0.86, P < .001). In addition, Prassopoulos et al (22) observed that splenic volume correlated well with all the linear and the maximal cross-sectional area measurements of the spleen.
It is of general agreement that there is a negative correlation between the splenic size, expressed as volume or height and a patient's age (6, 7, 20, 21, 24, (33) (34) (35) . We observed such negative correlation only for the normal splenic height, though not significant. In particular, there was no correlation between the splenic volume and age of the control cases. This observation was also confirmed by a previous study (22) , which included data from 140 normal patients, one of the largest volumetric studies of the spleen in literature. What is not of general agreement is a correlation between splenic size and a patient's BSA. In particular, Prassopoulos et al (22) report that there is no relation between splenic volume and a patient's height, weight, or body mass index. In addition, a study focused on enlarged spleens (36) found no trend between the splenic size and a patient's BSA or weight. As seen in Table 2 , our study found moderate but significant CC, cephalocaudal. Sensitivity and specificity of radiologists and CC height criteria to detect splenomegaly were computed using the volumetric thresholds for splenomegaly as reference standard. CC height $11/12 cm refers to a threshold of 11/12 cm in CC height to detect splenomegaly. *Significant difference between the performances of radiologists and CC12.
correlations between patient's BSA and splenic volume and height for both normal and splenomegaly cases, which made us investigate the role of BSA in the assessment of splenomegaly. However, we did not detect a significant effect in the detection of splenomegaly by using BSA normalization.
As shown in Table 4 , several articles have discussed the definition of spleen size nomograms using the splenic CC height, and occasionally its volume. In terms of an upper limit of normal height; thresholds ranging from 9.76 to 14 cm have been suggested (1, 5, 7, (12) (13) (14) (15) . Most of the CC height thresholds are in the 11-to 12-cm range, the values we evaluated in our study. In particular, Peddu et al (6) presented a review of pathologies and defined the normal spleen height to up to 11 cm (95% CI). Publications have also shown the upper limit for normal spleen volume to range between 250 and 335 mL (12, 14, 21, 22) . Our study proposed a volumetric threshold of 314.47 mL for mild splenomegaly and 430.84 mL for massive splenomegaly. Using volumetric measurements to detect splenomegaly, an area under the ROC curve of 0.96 was obtained against the consensus report of radiologists. The sensitivity and specificity of the volumetric thresholds against the radiological consensus were 93.18% and 88.63%, respectively.
An arguable drawback in our study is the relatively small sample of normal population (n = 44). Please note that the only three image-based volumetric studies in Table 4 that included larger data samples are those by Kaneko et al (20) , Prassopoulos et al (22) , and Srisajjakul et al (45) . Previous studies (20, 45) included Japanese and Thai subjects only, and conclusions cannot be directly related to our study. Moreover, the ranges of spleen volumes and CC heights in (45) are unusually wide. More importantly, Prassopoulos et al (22) concluded that the upper volumetric bound of the normal spleen is 314.50 mL in the most comprehensive prior volumetric study of the spleen, which included 140 CT scans of normal spleens (both male and female). Note that the systematic computation of a volumetric threshold for splenomegaly in our study also found that a splenic volume of 314.47 mL is the correct upper bound of the normal spleen. This agreement can be interpreted as a confirmation that our normal data sample is sufficiently large and representative of the general normal population. The advantages that our method bring over one study (22) are the automation and repeatability of the volumetric measurements, and the systematic computation of the volumetric threshold instead of choosing the maximum splenic volume in the healthy population.
The agreement between the quantitative scores and the radiology reports was also evaluated. A CC height threshold of 11 cm resulted in 96.85% sensitivity at 84.44 % specificity and a CC height threshold of 12 cm obtained 92.91% sensitivity at 95.55% specificity. For comparison, Bezerra et al (14) reported a sensitivity of 90.6% and specificity of 90.3% to detect splenomegaly using spleen CC heights. These results suggest that the radiologists in our study are in closer agreement with height measurements than volumetric assessments of the spleen. This is not surprising given that radiologists could measure the CC height in their assessment but did not have access to volumes. Moreover, the splenic height is simple to observe on CT images, whereas the volume, although the inherent definition of size requires a more complex three-dimensional assessment. Please note that our study recognized a large disagreement between individual radiological reports (23.25% of cases).
Ultimately, our study introduced volumetric thresholds to detect splenomegaly because spleen size is inherently a volume. The evaluations of radiological report and CC height criteria to detect splenomegaly were presented in Table 3 . All three criteria showed moderate specificity in detecting splenomegaly with variable sensitivity. In particular, height criteria showed very low sensitivity to detect mild splenomegaly (33.3%). Radiologists detected abnormal spleens significantly better than CC height thresholds and with high sensitivity, whether assessing mild or massive cases of splenomegaly. The superiority of sensitivity of the radiologists' interpretation of splenomegaly over determination of splenomegaly based on CC is likely because of the radiologists' appreciation of increase in the spleen's cross-sectional area in addition to CC dimension. Using the volumetric thresholds, systematic quantitative thresholds of splenic size, as a reference standard, radiologists detected all, mild, and massive cases of splenomegaly with 95.0%, 66.6%, and 99.0% sensitivity at 78.0% specificity, respectively.
The volumetric thresholds may be useful as systematic indications of splenomegaly because CAD can offer robust and reproducible spleen volume measurements to support routine radiologic image analysis. If CAD were to be adopted in the clinical work flow, the diagnosis of splenomegaly could become a seamless automated process. Also, differentiating between cases of mild and massive splenomegaly is unreliable without systematic measures of spleen size. But importantly, the introduction of spleen volume thresholds, with or without CAD, promises to reduce variability and error in the radiologic interpretation of abdominal data.
The study has certain limitations. The distribution of the patient population with splenomegaly may not be representative; however, patients with splenomegaly were not admitted to our hospital on the basis of splenomegaly diagnosis, which was a secondary radiologic finding. Additionally, the reader variability in the clinical determination of splenomegaly is potentially large, but representative for the clinical environment of a medium-to large-sized hospital. Finally, gender and race differences (20) were not accounted in our study.
In conclusion, it has been shown that for accurate detection of splenomegaly, radiologists and other health professionals should be observant of the volume of the spleen when evaluating for splenomegaly. Thresholds for the identification and grading of splenomegaly from automatic volumetric spleen assessment were introduced. The volumetric thresholds matched well with clinical interpretations for splenomegaly and may improve splenomegaly detection compared with height measurements or visual inspection commonly used in current clinical practice.
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